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ABSTRACT

III-V semiconductors grown on silicon substrates are
very attractive for lower-cost, high-efficiency multijunction
solar cells, but lattice-mismatched alloys that result in high
dislocation densities have been unable to achieve satisfac-
tory performance. GaNxP1-x-yAsy is a direct-gap III-V alloy
that can be grown lattice-matched to Si when y = 4.7x -
0.1. We have proposed the use of lattice-matched GaNPAs
on silicon for high-efficiency multijunction solar cells. We
have grown GaNxP1-x-yAsy on GaP (with a similar lattice
constant to silicon) by metal-organic chemical vapor phase
epitaxy with direct bandgaps in the range of 1.5 to 2.0 eV.
We have demonstrated the performance of single-junction
GaNxP1-x-yAsy solar cells grown on GaP substrates and
shown improvements in material quality by reducing carbon
and hydrogen impurities through optimization of growth
conditions. We have achieved quantum efficiencies (QE) in
these cells as high as 60% and PL lifetimes as high as 3.0
ns.

1. Introduction
State-of-the-art GaInP/GaAs/Ge and many proposed fu-

ture generations of III-V high-efficiency solar cells are based
on GaAs or Ge substrates [2]. In particular, much attention
has been given to GaInNAs materials grown lattice-matched
on GaAs over the past few years [3]. More recently, GaNP

materials have been shown to become direct gap, with only
a few percent N [4]. GaNPAs alloys have been grown lat-
tice-matched to Si [5] with band gaps that could be useful
for solar cells. Growth on silicon substrates is very exciting
because it would allow for significant cost savings of sub-
strates and the potential for integration with existing Si
technology. Lattice-mismatched III-V cells on Si substrates
have been studied extensively, but the reduction of defect
densities remains a significant challenge that typically re-
quires complex graded buffer layers. We have proposed a
structure based on lattice-
matched GaNxP1–x–yAsy,
hereafter GaNPAs, alloys
grown on silicon [6,7].
The solar cell structure
shown in Fig. 1, com-
posed of a lattice-
matched III-V cell grown
on a Si cell, could poten-
tially rival the efficien-
cies of high-efficiency
cells on GaAs or Ge,
with significant cost savings and improvements in mechani-
cal stability. Indeed, a two-junction cell composed of a
1.65-eV to 1.75-eV GaNPAs junction on a 1.1-eV silicon
junction has a nearly optimal set of band gaps for high-
efficiency solar cells, as shown in Fig. 2.
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Fig. 2. Iso-efficiency contour plots of ideal series-connected, two-junction solar cell with an optimized top cell
thickness [1], as a function of top-cell and bottom-cell direct band gap using standard spectra: (a) AM0 (space), (b)
AM1.5 global (terrestrial), (c) AM1.5 direct (concentrator terrestrial). All efficiencies were calculated at 300 K and
1–sun conditions. The red triangles show optimal GaNPAs/Si tandems, and the blue circles show the standard
GaInP/GaAs tandem cell.
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Fig. 1. Proposed lattice-
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Fig. 4. Band gap vs. lattice constant of III-V semicon-
ductors including data for GaNPAs alloys from Fig. 3.

GaP is only 0.36% lattice-mismatched with silicon,
and growth on GaP substrates avoids some of the difficul-
ties associated with growth on silicon. Therefore, as a first
step, we have studied GaNPAs solar cells grown on GaP
substrates.

2. Material Properties
GaNPAs layers were grown by atmospheric-pressure

metal-organic vapor-phase epitaxy (MOVPE) on (001)-
oriented, double-side-polished GaP wafers using trimethyl-
gallium (TMG) or triethylgallium (TEG), unsymmetric-
dimethylhydrazine (DMH), phosphine (PH3), and t-
butylarsine as sources. Growth was performed at
600°–700ºC, with nominal growth rates (GR) of 2–4 µm/h,
and PH3/Ga ratios of 6–52. Incorporation efficiencies of the
group-V elements follow the trend of As>P>N and are
highly temperature dependent. Whereas N incorporation
drops off with increasing temperature, P incorporation in-
creases relative to As. Thus, achieving the intended compo-
sitions required a sensitive balance between group-V source
flows and temperature. By carefully adjusting the group-V
flows, alloys nearly lattice-matched to GaP were grown.

A series of GaNPAs layers were grown directly on dou-
ble-side-polished, undoped GaP substrates to determine the
absorption coefficient (α). Simultaneous reflectance (R) and
transmittance (T) measurements of the layer were used to
determine α(λ) below the band gap energy of the GaP sub-
strate, and spectral ellipsometry (SE) measurements were
used above the band gap of the substrate. Fig. 3 shows the
absorption for several different compositions of GaNPAs.
The strong direct-like absorption in this spectral range indi-
cates that these alloys may be quite useful as solar cell ab-
sorber layers. The absorption edge indicated band gaps in
the range of 1.5 to 2.0 eV for different compositions lattice-
matched to GaP.

Double-crystal x-ray diffraction (DCXRD) was per-
formed in the (004) reflection and, in some cases, (115)
reflections. Nitrogen composition in GaNP was estimated
using Vegard's law. Fig. 4 shows how closely the GaNPAs

layers were lattice-matched to GaP and Si.
We have also studied the incorporation of carbon and

hydrogen impurities into GaNP grown by MOCVD and
have shown how growth temperature, growth rate, gallium
source, and group V fluxes strongly influence the incorpora-
tion of these impurities [8]. Impurity concentrations of car-
bon in similar compositions of GaNP can vary from the
secondary-ion mass spectrometry (SIMS) detection limit
(about 1x1017 cm-3) to about 1x1020 cm-3, depending on
growth conditions. The behavior of carbon incorporation
depends strongly on whether the dominant carbon source is
the gallium source or the nitrogen source. When DMH
dominates as the carbon source, similar carbon concentra-
tions result using either TEG or TMG. These conditions
result when high flow rates of DMH are used to achieve
sufficient nitrogen incorporation at higher temperatures
(>700°C). When the gallium source dominates as the carbon
source, similar carbon concentrations result, whether grow-
ing GaP without DMH or GaNP with DMH; but much
greater carbon incorporation occurs using TMG rather than
TEG. The carbon incorporation when the gallium source
dominates drops dramatically with increasing growth tem-
perature. To minimize the carbon incorporation in a given
composition of GaNP, an optimal growth temperature exists
(650°–700°C for GaN0.02P0.98), that balances the two mecha-
nisms of carbon incorporation. The effects of the group-V
fluxes on the carbon incorporation also depend on which
mechanism of carbon incorporation dominates.

The hydrogen and carbon incorporation in GaNP are
strongly correlated even when it is intentionally doped with
carbon only (see Fig. 5). Measurements of the photolumi-
nescence (PL) decay lifetime [8] show that the electrical
quality of the material is also correlated with the carbon and
hydrogen concentration, implying that carbon and/or hydro-
gen form a deep-level complex that is detrimental to the
electrical quality of GaNP. Fig. 5 shows the codependence
of PL lifetime, hydrogen, and carbon concentration. Life-
times as long as 3 ns were achieved in the samples with the
lowest concentrations of carbon and hydrogen. It should be
noted that these lifetimes were achieved for samples with no
surface passivation and large lattice-mismatch. Understand-
ing the effects of growth conditions on impurity concen-
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trations in GaNP is thus essential to improving device
properties of GaNPAs solar cells.

3. Solar Cells
We have studied GaNPAs solar cells with direct band-

gaps ranging from 1.6–1.9 eV [7]. We have grown and
measured cells using the simple single heterojunction cell
design shown in Fig. 6. The cells consisted of a Zn-doped
GaP back surface field, an undoped GaNPAs base, a Si-
doped GaP emitter, and a Se-doped GaAs contact layer. The
cells were grown on Zn-doped (001) GaP substrates. The
active GaNPAs base was grown at 650°C with TEG for
minimal carbon and hydrogen incorporation. Au/Zn/Au
back-side contacts and Au/Sn/Au front-side contacts were
deposited and annealed at 450°C. Devices were isolated
with a KMnO4/HF/H2O mesa etch. The GaAs contact layer
was selectively etched with a solution of NH4OH/H2O2/H2O.

The external QE and reflectance of the cells were meas-

ured to calculate the in-
ternal QE. The internal
QE is shown in Fig. 7a
for three solar cells
grown at different growth
rates. The integrated cur-
rent was calculated from
the AM1.5 global spec-
trum and used to set the
light level on an XT-10
solar simulator. The cur-
rent-voltage (IV) curves
were measured both in
the light and dark. The
IV curves corresponding
to the cells from Fig. 7a
are shown in Fig. 7b.

The carrier concentra-
tion in the nominally undoped GaNPAs base and similar
layers was measured by capacitance-voltage (CV) measure-
ments. The layers were found to be p-type (on the order of
1x1016 cm-3) under white light bias, but were depleted when
measured in the dark (see Fig. 7c).

The impurity carbon and hydrogen concentrations of
GaNPAs material grown under the same conditions as these
cells were measured by SIMS. These results are summarized
in the legend of Fig. 7a. These impurity levels changed
significantly by changing only the growth rate. In all cases,
the carbon concentration was greater than the carrier concen-
tration measured by CV in the light. This indicates that
carbon is not acting only as a shallow dopant. The QE and
Jsc, on the other hand, correlate strongly with the carbon and
hydrogen concentrations. This is further evidence that car-
bon and/or hydrogen form a deep-level complex that is det-
rimental to the diffusion length.

Another interesting effect in these GaNPAs cells can be
observed in the dark IV curves of Fig. 7b. The dark IV
curve of the cell grown at 4 µm/h has a much higher turn-on
voltage than its corresponding light IV curve. This effect is
typical of the GaNPAs cells discussed previously [7]. It
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may be a result of the different carrier properties in the light
and dark, or an unintentional pn junction within the cell
structure. By reducing the carbon and hydrogen impurity
concentrations (by reducing the growth rate in this case), we
have managed to reduce or eliminate this effect. In addition,
the fill factor is greatly improved by reducing the impurity
concentrations.

A comparison of GaNPAs cells with GaInP cells that
have a comparable bandgap shows that there is considerable
room for improvement of the GaNPAs cells [7]. The reduc-
tion of carbon and hydrogen impurity concentrations by
better understanding the effects of growth conditions has
allowed us to significantly improve the properties of GaN-
PAs solar cells, but further improvements in the electrical
properties of GaNPAs are necessary to realize the high-
efficiency tandem solar cell on silicon considered here. Fu-
ture work will also focus on the growth of lattice-matched
GaNPAs on silicon substrates. The growth of lattice-
matched GaNPAs on silicon is challenging due to the polar-
ity and thermal expansion mismatch between III-V and sili-
con. Fortunately, these problems seem to have been solved
to some extent [5].

4. Conclusion
Lattice-matched GaNPAs solar cells on GaP substrates

have been demonstrated with absorption characteristics ap-
propriate for the top cell of an optimal lattice-matched III-V
on silicon tandem solar cell. The performance of these cells
was less than ideal, suggesting problems with the electrical
quality of this novel material. Improvements in solar cell
performance and PL lifetimes have been achieved by reduc-
ing carbon and hydrogen impurity concentrations through
optimization of growth conditions. We have achieved QE in
these cells as high as 60% and PL lifetimes as high as 3.0
ns.

4. Acknoledgements
DOE supported this research under contract no. DE-

AC36-99GO10337.

REFERENCES

1. S. R. Kurtz, P. Faine, and J. M. Olson, “Modeling of
two-junction, series-connected tandem solar cells using
top-cell thickness as an adjustable parameter.” J. Appl.
Phys. 68, 1890 (1990).

2. S. R. Kurtz, D. Myers, and J. M. Olson, "Projected
Performance of Three- and Four-Junction Devices using
GaAs and GaInP." Proceedings of the 26th IEEE Pho-
tovoltaic Specialists Conference, Anaheim, 875 (1997).

3. J. F. Geisz and D. J. Friedman, “III-N-V semiconduc-
tors for solar photovoltaic applications.” Semiconductor
Science and Technology 17, 769 (2002).

4. H. P. Xin, C. W. Tu, Y. Zhang, and A. Mascarenhas,
“Effects of nitrogen on the band structure of GaNxP1-x

alloys.” Appl. Phys. Lett. 76, 1267 (2000).
5. Y. Fujimoto, H. Yonezu, A. Utsumi, K. Momose, and

Y. Furukawa, “Dislocation-free GaAsyP1-x-yNx/
GaP0.98N0.02 quantum-well structure lattice-matched to a
Si substrate.” Appl. Phys. Lett. 79, 1306 (2001).

6. D. J. Friedman and J. F. Geisz, "Multi-junction solar
cell device," 2001 Patent pending

7. J. F. Geisz and D. J. Friedman, "GaNPAs solar cells
lattice matched to GaP." Proceedings of the 29th IEEE
Photovoltaic Specialists Conference, New Orleans, 864
(2002).

8. J. F. Geisz, R. C. Reedy, B. M. Keyes, and W. K.
Metzger, “Unintentional carbon and hydrogen incorpo-
ration in GaNP grown by metal-organic chemical vapor
deposition.” J. Cryst. Growth, submitted (2003).

4



 
REPORT DOCUMENTATION PAGE 

 
 Form Approved 
 OMB NO. 0704-0188 

 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this 
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson 
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503. 
 
1. AGENCY USE ONLY (Leave blank) 
 

 
2. REPORT DATE 

May 2003 
 

 
3. REPORT TYPE AND DATES COVERED 

Conference Paper 
 

4. TITLE AND SUBTITLE 
GaNPAs Solar Cells that Can Be Lattice-Matched to Silicon 

 
6. AUTHOR(S) 

J.F.Geisz, D.J. Friedman, W.E. McMahon, A.J. Ptak, A.E. Kibbler, J.M. Olson, S. Kurtz, 
C. Kramer, M. Young, A. Duda, R.C. Reedy, B.M. Keyes, P. Dippo, and W.K. Metzger 

 

 
5. FUNDING NUMBERS 

 
PVP3.4401 
 

 
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

National Renewable Energy Laboratory 
1617 Cole Blvd. 

 Golden, CO 80401-3393 

 
8. PERFORMING ORGANIZATION 

REPORT NUMBER 
NREL/CP-520-33545 
 

 
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

 

 
10. SPONSORING/MONITORING 

AGENCY REPORT NUMBER 
 
 

 
11. SUPPLEMENTARY NOTES 

  
 
12a. DISTRIBUTION/AVAILABILITY STATEMENT 

National Technical Information Service 
U.S. Department of Commerce 
5285 Port Royal Road 

 Springfield, VA 22161 

 
12b. DISTRIBUTION CODE 

  

 
13. ABSTRACT (Maximum 200 words) 
III-V semiconductors grown on silicon substrates are very attractive for lower-cost, high-efficiency multijunction solar cells, but 
lattice-mismatched alloys that result in high dislocation densities have been unable to achieve satisfactory performance. 
GaNxP1-x-yAsy is a direct-gap III-V alloy that can be grown lattice-matched to Si when y = 4.7x - 0.1. We have proposed the 
use of lattice-matched GaNPAs on silicon for high-efficiency multijunction solar cells. We have grown GaNxP1-x-yAsy on GaP 
(with a similar lattice constant to silicon) by metal-organic chemical vapor phase epitaxy with direct bandgaps in the range of 
1.5 to 2.0 eV. We have demonstrated the performance of single-junction GaNxP1-x-yAsy solar cells grown on GaP substrates 
and shown improvements in material quality by reducing carbon and hydrogen impurities through optimization of growth 
conditions. We have achieved quantum efficiencies (QE) in these cells as high as 60% and PL lifetimes as high as 3.0 ns. 
 

 
15. NUMBER OF PAGES 

 14. SUBJECT TERMS 
III-V semiconductors; high-efficiency solar cells; GaNPAs; lattice match; silicon  

16. PRICE CODE 
 

 
17. SECURITY CLASSIFICATION 

OF REPORT 
Unclassified 

 
18. SECURITY CLASSIFICATION 

OF THIS PAGE 
Unclassified 

 
19. SECURITY CLASSIFICATION 

OF ABSTRACT 
Unclassified 

 
20. LIMITATION OF ABSTRACT 

 
UL 

  NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)  
 Prescribed by ANSI Std. Z39-18 
 298-102 
 


	33586P13.pdf
	Home
	Proceedings
	Table of Contents
	Introduction
	Message from the Chairpersons

	Plenary Session I
	Opening Remarks
	NREL Welcome
	An Energy Security, Systems Context for Solar Energy Technologies
	Welcome to the NCPV and Solar Program Review
	Solar Energy Technologies—Contributing to a Robust Energy Infrastructure

	Plenary Session II
	R&D Opportunities in Solid State Lighting
	Photovoltaic Technology Experience Curves and Markets
	The DOE Solar Program: Photovoltaics
	Solar Thermal Overview
	Concentrating Solar Power Award Presentation
	Paul Rappaport Award Presentation

	Luncheon Topic: An Introduction to Solid-State Lighting
	What the PV Specialists Might Like to Know about Solid-State Lighting
	Solid State Lighting for Human Development

	Module Reliability
	Long Term Photovoltaic Module Reliability
	Stabilization of High Efficiency CdTe Photovoltaic Modules in Controlled Indoor Light Soaking
	Surface Analysis of Stressed and Control Tin Oxide Thin Films on Soda Lime Glass
	Materials Testing for PV Module Encapsulation
	Development of a Super Fast-Cure and Flame-Retardant EVA-Based Encapsulant
	Long-Term Performance of the SERF PV Systems

	III-V Materials and Concentrators
	Defects in GaInNAs: What We've Learned So Far
	The Promise of III-V Nitrides: Useful Properties out of Anomalous Physics
	Recrystallized Germanium on Ceramic for III-V Solar Cells Applications
	Advances in High-Efficiency Multijunction Terrestrial Concentrator Cells and Receivers
	Progress Report on the Integration of the Emcore Triple-Junction Solar Cell into a �High Concentration Ratio Fresnel Lens-Based Receiver
	Concentrating Photovoltaic Module Testing at NREL's Concentrating Solar Radiation Users Facility

	Crystalline Silicon
	Rapid Thermal Processing Enhanced Hydrogenation and Screen-Printed Contacts in �Silicon Ribbon Solar Cells
	Investigation of Electrical Activity of Dislocation and Grain Boundary in Polycrystalline Float Zone Silicon
	Impact of Metal Impurities on Solar Cell Performance
	Scanning Photoluminescence in Si3N4 Antireflected Coating of uc-Si

	Discussion with Ray Sutula, Manager, U.S. DOE Solar Energy Technologies Program
	Discussion on the Systems-Driven Approach to Research Planning
	Question and Answer Session on the Systems-Driven Approach

	Long-Term R&D Needs
	Solar Electric Future: Linking Science, Engineering, Invention, and Manufacturing
	R&D on Shell Solar’s CZ Silicon Product Manufacturing
	Polymer Photovoltaics — Challenges and Opportunit
	The AC PV Building Block — Ultimate Plug-n-Play that Brings Photovoltaics Directly to the Customer

	Synergies between Solid-State Lighting and PV
	Synergies Connecting the Photovoltaics and Solid-State Lighting Industries
	Research and Manufacturing Synergies between LEDs and PV
	OLEDs for General Illumination? Research & Development Issues
	Solar-Powered LED Lighting Technology

	Cadmium Telluride
	Manufacturing and Technology Development Programs at First Solar
	Mostly Nonuniformity Issues in Thin-Film PV
	Role of Process Chemistry and Stability on CdTe-Based Solar Cell Performance
	Spatially Resolved Cathodoluminescence of CdTe Thin Films and Solar Cells
	ZnTe:Cu Contact Optimization Strategies for Single-Junction and Multi-Junction CdS/CdTe PV Device Designs
	CdTe PV: Real and Perceived EHS Risks

	Systems Analysis and Reliability
	Advanced Dish Development System Test and Reliability Improvement
	A System-Driven Approach to Parabolic Trough R&D
	CSP Tower System Analysis and Program Planning
	Lifecycle Cost Assessment of Fielded Photovoltaic Systems
	Certification Programs for the Photovoltaic Industry Status and Plans
	Solar Building Systems Analysis

	Excitonics and Exotica: Advanced PV Concepts
	Advanced Concepts for Photovoltaic Cells
	Organic-Based ("Excitonic") Solar Cells
	Organic Photovoltaics Based on Self-Assembled Mesophases
	Influence of Device Architecture and Interface Morphology on the Power Conversion Efficiency of �Small Molecular Photovoltaic Cells
	Polymer Based Nanostructured Donor-Acceptor Heterojunction Photovoltaic Devices
	Solar Energy Conversion with Ordered, Molecular, Light Harvesting Arrays

	Luncheon Topic: the Solar Decathlon
	Solar Decathlon, Energy We Can Live With

	Copper Indium Diselenide and Alloys
	High Yield CIS Production — Progress and Perspectives
	Mesoscopic Fluctuations in the Distribution of Electronic Defects Near the Surface Layer of Cu(In,Ga)Se2
	Microstructure of Surface Layers in Cu(In,Ga)Se2 Thin Films
	Advances in CuInSe2-Based Solar Cells: From Fundamentals to Processing
	New Methods for the Study of Defect Distributions in the Copper Indium Diselenide Alloys

	Concentrating Solar Power Technology
	SOLTRACE—a New Optical Modeling Tool for Solar Optics
	Improved Alignment Technique for Dish Concentrators
	Performance and Durability of Solar Reflectors and Solar Selective Coatings
	Trough Technology: The Path to Market Competitiveness at the NSTTF
	Parabolic Trough Testing and Component Evaluation
	Testing Thermocline Filler Materials for Parabolic Trough Thermal Energy Storage Systems

	PV Systems Engineering and Reliability
	Photovoltaics as a Distributed Energy Resource
	PV Inverter Testing, Modeling, and New Initiatives
	Sustainable Hybrid System Deployment with the Navajo Tribal Utility Authority
	Photovoltaic System Performance Characterization Methodologies
	Performance Index Software for the CEC/SMUD ReGen Program
	PV Inverter Products Manufacturing and Design Improvements for Cost Reduction and Performance Enhancements

	Amorphous and Thin-Film Silicon
	Status of Amorphous and Crystalline Thin Film Silicon Solar Cell Activities
	Status of Hydrogenated Microcrystalline Silicon Solar Cells at United Solar
	Thin Silicon-on-Ceramic Solar Cells
	Amorphous and Microcrystalline Silicon Solar Cells--A Status Review
	Discussion: Amorphous and Thin-Film Silicon

	Solar Thermal, Solar Lighting, and Building-Integrated PV
	Testing and Evaluating a Solar Water Heating Product for the New Home Market
	Polymer Solar Thermal Systems
	Polymer Materials Durability
	ORNL's Hybrid Solar Lighting Program: Bringing Sunlight Inside
	Integrated Energy Roofs
	Plug and Play Components for Building Integrated PV Systems

	Manufacturing Research and Development
	PowerGuard Lean Manufacturing—Phase I Accomplishments
	PVMaT Improvements in BP Solar Large-Scale PV Module Manufacturing Using Ultra-Thin Multicrystalline Silicon Solar Cells
	Specific PVMaT R&D in CdTe Product Manufacturing
	APex™ Solar Cell Manufacturing
	EFG Ribbon Technology R&D for Large Scale Photovoltaic Manufacturing
	Process Control Advancements for Flexible CIGS PV Module Manufacturing

	Plenary Session III: Market Pull/Technology Push -- Where to Invest?
	Introduction
	Arizona Environmental Portfolio Standard
	Photovoltaics Market Pull
	Concentrating Solar Power Systems
	PVEnergy Systems, Inc., PV Forecast
	California Solar Energy Industries Association Presentation
	Strategies for Mainstreaming Grid-Connected PV This Decade
	Market Pull/Technology Push--Where to Invest?

	Poster Session: Advanced PV Concepts
	Polymer Hybrid Photovoltaics for Inexpensive Electricity Generation
	Does Network Geometry Influence the Electron Transport Dynamics in Mesoporous Nanoparticle Solar Cells?
	The Effects of Processing Conditions on Polymer Photovoltaic Device Performance
	Growth and Properties of Microcrystalline Ge-C Films and Devices
	Anchoring Group and Linker Effects on TiO2 Binding and Photoelectrochemical Properties of �Solar Cell Dyes
	Broad Band Rugate Filters for High Performance Solar Electric Concentrators
	Optical Rectenna for the Direct Conversion of Sunlight to Electricity

	Poster Session: III-V Materials and Concentrators
	Advances in III-V Compounds and Solar Cells Grown on SiGe Substrates
	Selective Nucleation and Growth of GaAs on Si
	Stress Evolution in GaAsN Films Grown by Reactive Molecular Beam Epitaxy
	III-Nitride Semiconductors for Photovoltaic Applications
	Defect Trapping in InGaAsN Measured by Deep-Level Transient Spectroscopy
	GaNPAs Solar Cells that Can Be Lattice-Matched to Silicon
	Wafer Bonding and Layer Transfer Processes for High Efficiency Solar Cells
	Criteria for the Design of GaInP/GaAs/Ge Triple-Junction Cells to Optimize Their Performance Outdoors
	Projection of Best Achievable Efficiency from GaInP/GaAs/Ge Cell under Concentration
	Optical Design Studies for the Flat-Plate Micro-Concentrator Module
	Innovative Approach for the Design and Optimization for Multijunction Photovoltaic Devices
	Determination of Spatial Uniformity by Ion Imaging with Secondary Ion Mass Spectrometry (SIMS)

	Poster Session: Crystalline and Polycrystalline Silicon
	Hydrogenation of Bulk Si from SiNx:H Films: What Really Ends Up in the Si?
	Hot-Wire Chemical Vapor Deposition for Epitaxial Silicon Growth on Large-Grained Polycrystalline Silicon Templates
	Hot-Wire Chemical Vapor Deposition of High Hydrogen Content Silicon Nitride for Silicon Solar Cell Passivation and Anti-Reflection Coating Applications
	Material Improvements and Device Processing on APIVT-Grown Poly-Si Thin Layers
	Silicon Materials Research on Growth Processes, Impurities, and Defects
	Residual Stress Characterization for Solar Cells by Infrared Polariscopy
	Metallic Precipitate Contribution to Generation and Recombination Currents in p-n Junction Devices via the Schottky Effect

	Poster Session: Amorphous and Thin-Film Silicon
	The FTIR Laboratory in Support of the PV Program
	Real Time Optics of the Growth of Silicon Thin Films in Photovoltaics: Analysis of the �Amorphous-to-Microcrystalline Phase Transition
	Micro-Raman Measurements of Mixed-Phase Hydrogenated Silicon Solar Cells
	In Situ Studies of the Growth of Amorphous and Microcrystalline Silicon Using Real Time �Spectroscopic Ellipsometry
	Microstructure Studies of Amorphous and Microcrystalline Silicon-Based Solar Cell Materials
	Correlation of Structural and Electronic Properties with Solar Cell Efficiency for Amorphous Silicon Deposited at Increasing Growth Rates
	Optimization of Phase-Engineered a-Si:H-Based Multijunction Solar Cells
	Hydrogenated Microcrystalline Silicon Solar Cells Using Microwave Glow Discharge
	Transport, Interfaces, and Modeling in Amorphous Silicon Based Solar Cells
	A Paired Hydrogen Site and the Staebler-Wronski Effect in Hydrogenated Amorphous Silicon
	Nano-Crystalline Silicon: A New Solar Material
	Particles and Radicals in Amorphous Silicon Deposition
	Optimization on Temperatures of Filament and Substrate for High-Quality Narrow Gap �a-Si1-xGex:H Alloys Grown by Hot-Wire CVD
	Growth of High Quality a-Ge:H Solar Cells
	Growth and Characterization of HWCVD Si Films on Al Coated Glass
	Thin Film Silicon Materials and Solar Cells Grown by Pulsed PECVD Technique
	PECVD µc-Si:H Solar Cells Prepared in a Batch-Ty�
	Development of Optically Enhanced Back Reflectors for Amorphous Silicon-Based Photovoltaic Technologies
	Project Summary of the NREL Amorphous Silicon Team
	High-Efficiency Single-Junction a-SiGe Solar Cells

	Poster Session: Polycrystalline Thin Films (CIS)
	Practical Doping Principles
	A Superior Monocrystalline CuInSe2 Cell
	Transmission Electron Microscopy Analysis of Cu(In,Ga)Se2 Solar Cell Materials
	Cu(In,Ga)Se2 Materials, Devices, and Analysis for High Performance Devices
	Facilities Development for Ionized Physical Vapor Deposition of Cu(In,Ga)Se2
	Alternate Window Layer Processing for CIGS on Flexible Substrates
	Development of Plasma-Assisted Processing for Selenization and Sulfurization of Absorber Layers
	Development of Large Area CIGSS Thin Film Solar Cells
	Non-Vacuum Processing of CIGS Solar Cells
	Investigation of Pulsed Non-Melt Laser Annealing (NLA) of CIGS-Based Solar Cells
	DLTS Characterization of CIGS Cells
	Direct Measurement of Built-in Electrical Potential in Photovoltaic Devices by Scanning Kelvin Probe Microscopy
	Modeling and Simulation of a CGS/CIGS Tandem Solar Cell
	Back Contact Cracking During Fabrication of CIGS Solar Cells on Polyimide Substrates
	Advanced CIGS Photovoltaic Technology
	An Overview of the CdTe – CIGS Thin Film Solar Ce

	Poster Session: Polycrystalline Thin Films (CdTe)
	Atomic Structure of Twin Boundaries in CdTe
	Development and Application of Electroluminescence Imaging for CdS/CdTe Characterization
	Progress on High Bandgap CdSe and CdZnTe Devices
	CdTe Back Contact: Response to Copper Addition and Out-Diffusion
	Progress in Continuous, In-Line Processing of Stable CdS/CdTe Devices
	Temperature Dependence of Growth Rate and Morphology of Vapor Transport Deposited CdTe Thin Films

	Poster Session: Polycrystalline Thin Films (TCOs and Others)
	Barrier Coatings for Thin Film Solar Cells
	Advantageous Features of Transparent Conducting Oxide Films by Ultrasonic Pyrosol Deposition
	Highly Conductive Textured Molybdenum Doped Indium Oxide Thin Films
	Ink Jet Printing Approaches to Solar Cell Contacts
	Towards High Performance p-Type Transparent Conducting Oxides

	Poster Session: International Programs
	Technical Support for the Chihuahua Telesecundaria Rural Schools PV Electrification Program
	International Renewable Energy Programs at Sandia National Laboratories

	Poster Session: Standards, Systems Analysis, and Reliability
	NREL Spectral Standards Development and Broadband Radiometric Calibrations
	Photovoltaic Systems Performance and Reliability Database
	Status of IEEE P1526 — Recommended Practice for Testing the Performance of Stand-Alone Photovoltaic Systems

	Poster Session: Module Reliability
	Photovoltaic Module Thermal/Wind Performance: Long-Term Monitoring and �Model Development for Energy Rating
	PV Compliance Assistant: An Interactive CD ROM
	Adhesion Strength Study of EVA Encapsulants on Glass Substrates
	Electrochemical Corrosion in Thin Film PV Modules
	Accelerated Stress Testing of Thin-Film Modules with SnO2:F Transparent Conductors
	Nondestructive Performance Characterization Techniques for Module Reliability
	Investigation of Degradation Aspects of Field Deployed Photovoltaic Modules
	Testing and Evaluating a Solar Water Heating Product for The New Home Market
	Corrosion in Copper ICS Collectors at Civano Subdivision, Tucson, Arizona

	Poster Session: Manufacturing R&D
	PV Manufacturing R&D Accomplishments and Status
	Three-Stage CIGS Process Tolerance
	Innovative Approaches to Low Cost Module Manufacturing of String Ribbon Si PV Modules
	Recent Manufacturing Technology Developments at EPV
	Development of Online Diagnostic Systems for Roll-to-Roll a-Si Production: ECD's PV Manufacturing R&D Program
	Development of Automated Production Line Processes for Solar Brightfield Modules
	Measuring and Monitoring Electronic Properties of Si During Industrial Material Preparation and Cell Fabrication


	Attendee List
	How to Use This CD
	How to Search This CD
	Notice




